Using a combination of several methods for protein sequence comparison and motif analysis, it is shown that the four recently described pseudouridine synthases with different specificities belong to four distinct families. Three of these families share two conserved motifs that are likely to be directly involved in catalysis. One of these motifs is detected also in two other families of enzymes that specifically bind uridine, namely deoxycitidine triphosphate deaminases and deoxyuridine triphosphatases. It is proposed that this motif is an essential part of the uridine-binding site. Two of the pseudouridine synthases, one of which modifies the anticodon arm of tRNAs and the other is predicted to modify a portion of the large ribosomal subunit RNA belonging to the peptidyltransferase center, are encoded in all extensively sequenced genomes, including the 'minimal' genome of Mycoplasma genitalium. These particular RNA modifications and the respective enzymes are likely to be essential for the functioning of any cell.
INTRODUCTION
Pseudouridine (Ψ), the isomer of uridine with a carbon-carbon bond between uracil C5 and ribose C1 instead of the N1-C1 glycosyl bond in uridine, is the most abundant modified nucleoside in RNA. Multiple Ψ residues have been found in specific positions of tRNA, small subunit and large subunit rRNA from bacteria and eukaryotes, archaeal tRNAs and eukaryotic snRNA and 5S RNA, but not in mRNA (1-4 and refs therein) . In spite of their ubiquitous presence in structural RNAs, no specific function so far has been assigned to Ψ. The seven Ψ residues of the Escherichia coli 23S rRNA residues, as well as the 30 Ψ residues in the yeast cytoplasmic 28S rRNA and the single Ψ of the yeast mitochondrial 23S rRNA, are located at or near the peptidyltransferase center (5, 6) . Based on these observations, it has been proposed that Ψ may be directly involved in the peptidyl transfer, possibly via aminoacylation at N1 of the uracil (3, 7) .
Pseudouridine is formed in a post-transcriptional isomerization reaction that does not require ATP or any other energy source (8) (9) (10) . Multiple Ψ synthase activities have been detected in bacteria and yeast (10) (11) (12) . Until very recently, only one such enzyme has been identified with a specific gene, namely the one that catalyzes the formation of Ψ in the anticodon arm of E.coli tRNAs (13) . However, in the last year, remarkable progress has been achieved in the characterization of Ψ synthases and their genes (14) (15) (16) . At this time, four such genes have been identified and sequenced; two of these genes encode tRNA Ψ synthases and two encode rRNA Ψ synthases with different specificity (Table 1) .
It has been noticed that the protein sequences of the four characterized Ψ synthases do not show significant similarity to each other (15) ; no systematic analysis of the similarities between the Ψ synthases and other proteins has been reported.
Here I describe the results of such an analysis and show that the four Ψ synthases each belong to a distinct protein family, three of which share two conserved motifs. A putative uridine-binding motif is also conserved in Ψ synthases, cytidine triphosphate deaminases and uridine triphosphatases.
MATERIALS AND METHODS
Protein sequences were from the non-redundant (NR) database supported at the National Center for Biotechnology Information (NIH, Bethesda, USA). The sequences were compared with the NR database with programs based on the BLAST algorithm, version 1.4 (17, 18) . The BLASTP program was used to screen the amino acid sequence database, and the TBLASTN program was used to screen the conceptual translation of the nucleotide sequence database, including the expressed sequence tags (ESTs), in all six reading frames. For all database searches, the amino acid substitution matrix BLOSUM62 (19, 20) was used. Segments of the query sequences that have low complexity and tend to produce spurious alignments in database searches were masked with the SEG program (21, 22) .
Database search for conserved sequence segments similar to a multiple alignment block was performed with the MoST program (23) . The database screening strategy included multiple iterations of searching with BLAST and MoST as it has been shown that these methods tend to complement each other (24) .
Multiple protein sequence alignments were constructed with the MACAW program (25) .
Protein secondary structure prediction was performed with the multiple alignment-based neural network method, for which a 70-80% accuracy has been reported, depending on the number of sequences in the database that are related to the query (26, 27) . The analysis of the genome sequences of Haemophilus influenzae (28) and Mycoplasma genitalium (29) , including gene, protein function prediction and identification of orthologs and paralogs, is described in detail elsewhere (30, 31) .
RESULTS AND DISCUSSION

Identification of four families of Ψ synthases and conserved motifs connecting three of them
A comparison of the four Ψ synthase sequences to the NR database with the BLASTP program showed that each of them belongs to a distinct family of conserved proteins. Using iterative BLASTP search (24), we identified all the members of each of these families contained in the current databases. Even though not all the proteins within the families were similar to each other at a statistically significant level, each family formed an uninterrupted network of statistically significant connections (probability of occurring by chance, P < 10 -5 ). This strongly suggests that proteins belonging to each family have evolved from a common ancestor.
Information on the four families of Ψ synthases and their representation in extensively sequenced genomes is summarized in Table 1 . The availability of the entire sequences of two small bacterial genomes, those of H.influenzae (28) and M.genitalium (29) allows one to construct a complete catalogue of the members of each family encoded by these simple organisms. Furthermore, given that H.influenzae and M.genitalium belong to distant branches of the bacterial phylogenetic tree (32) and that the evolution of each of these small genomes evidently included a number of gene elimination events, it is likely that those genes that are conserved in these two bacteria are essential for the functioning of any cell (31) .
The largest Ψ synthase family includes proteins related to the enzyme involved in the formation of Ψ746 in the E.coli 23S rRNA and encoded by the rluA gene; RluA also catalyzes, at least in vitro, the formation of Ψ32 in tRNA Phe (15) . Haemophilus influenzae encodes five proteins of this family, and there are at least four in E.coli; even the 'minimal' genome of M.genitalium has two genes for RluA-related proteins. Sequences from three eukaryotes are also available and show high similarity to the bacterial proteins (Table 1 and Fig. 1 ). (13) a Based on the results of database searches, we attempted to define the orthologous relationship, i.e. descent from a common ancestral gene, for the genes of E.coli, H.influenzae and M.genitalium (30, 31) . Escherichia coli gene names were assigned to the orthologs in the other two bacteria, whereas for those H.influenzae and M.genitalium genes that did not appear to have orthologs among the sequenced E.coli genes, the name is from references 28 and 29 respectively. b Sequence conservation in a subset of this family has been described prior to the identification of RluA with the Ψ synthase activity (48) RsuA, the enzyme that forms the only Ψ residue in the E.coli 16S rRNA (16) , is the prototype of the second largest family, with three members in H.influenzae and (so far) in E.coli; this family is not represented in M.genitalium, and no eukaryotic members of the family were identified in the current protein databases (but see below).
The other two families each include one tRNA-specific Ψ synthase from H.influenzae and E.coli, and a TruA-related protein is also encoded by M.genitalium; members of both families were identified in eukaryotes. Interestingly, the yeast protein CBF5 (33) and the rat protein NAP57 (34) that belong to the TruB family are both localized in the nucleolus, which may suggest that they catalyze Ψ formation in rRNA precursors rather than in tRNA.
Multiple protein sequence alignments were generated for each family and distinct conserved motifs were delineated using the MACAW program. When the most prominent of such motifs detected for the RluA family (motif II in Fig. 1 ) was used to scan the NR database, a unique set of proteins was detected that included both the RluA and the RsuA families. A further comparison with the MACAW program showed that these two families of Ψ synthases shared three similarly positioned conserved motifs (Fig. 1) , suggesting that they are homologous in spite of the limited sequence conservation; the similarity within each of these motifs was highly statistically significant (P < 10 -19 ) when the search space was limited to the proteins belonging to the two families. The secondary structure prediction for the proteins of the RluA and RsuA families was compatible with the existence of a structurally similar domain (Fig. 1) .
Database searches with the motifs conserved in the RluA and RsuA families failed to detect similar segments in the proteins of the two tRNA Ψ synthase families or in any other proteins. However, a direct comparison using MACAW showed a limited similarity to motifs I and II in the TruB family proteins (Fig. 1) . In this case, given the very short similar segments and some difference in the predicted secondary structure, it is unclear whether the motifs are the result of evolutionary conservation or functional convergence. It is likely that motifs I and II are parts of the common active center of Ψ synthases involved in uridine isomerization. In particular, the invariant lysine and aspartic acid residues (Fig. 1 ) may be directly involved in catalysis.
A putative uridine-binding motif conserved in Ψ synthases, cytidine triphosphate deaminases and uridine triphosphatases
A database screening with motif II from the alignment of the RluA, RsuA and TruB families (Fig. 1 ) detected a limited Figure 2 . The putative uridine-binding motif conserved inΨ synthases, cytidine triphosphate deaminases and uridine triphosphatases. The alignment was produced by combining the multiple alignment of Ψ synthases ( Fig. 1) with the Dcd/Dut alignment (not shown) based on the results of MoST and BLAST searches (see text). Several sequences closely related to those included were omitted for clarity. The consensus patterns show amino acid residues conserved in the majority of Ψ synthases (from Fig. 1 ) and in the majority of Dcds and Duts. The experimentally determined secondary structure of the E.coli Dut (35) and the predicted secondary structure for three families of Ψ synthases (Fig. 1 similarity to only one additional sequence in the database, namely E.coli deoxycytidine triphosphate deaminase (Dcd). Further BLASTP searches with the Dcd sequence showed that the region resembling motif II is the most conserved one in the three available Dcd sequences and numerous sequences of uridine triphosphatases (Dut). The alignment of this motif in Ψ synthases, Dcd and DUT reveals conservation of the aspartic acid and a glycine, apparently in the same structural context, in all three protein families (Fig. 2) . The three-dimensional structure of the E.coli Dut has been determined (35) . The conserved aspartic acid and glycine are in a loop between two β-strands, similarly to the predicted secondary structure of the RluA-and RsuA-related Ψ synthases (Figs 1 and 2) .
Dcd catalyzes the formation of dUTP from dCTP, which is an obligatory step in the de novo synthesis of thymidylate in bacteria (36) . In turn, Dut degrades dUTP to pyrophosphate and dUTP, the thymidylate synthase substrate. Another important function of Dut is to prevent dUTP incorporation into DNA; in E.coli and in yeast dut is an essential gene (37, 38) . Thus Dcd and Dut are functionally linked, with mutations in the dcd gene suppressing dut mutations (39) . So far, Dcd has been discovered in two bacterial and one archaeal species (40); Dut is a ubiquitous enzyme found not only in bacteria and eukaryotes but also in several groups of eukaryotic viruses, including a subset of retroviruses (41) . The comparison of the Dcd and Dut protein sequences revealed conservation beyond the motif shared with Ψ synthases (data not shown), suggesting that these functionally connected enzymes may have evolved from a common ancestor; to my knowledge, this relationship has not been described before.
The obvious common denominator for Ψ synthases, Dcd and Dut is that they all bind uridine with a high specificity. Thus it appears most likely that the conserved motif is an essential part of the uridine-binding site. We were unable to conclusively identify this putative uridine-binding motif in the Ψ synthases of the TruA family, even though two conserved aspartic acid residues, one of which may belong to the uridine-binding site (data not shown), were detected.
Functional and evolutionary implications
Our analysis showed that protein sequences in each of the four families of Ψ synthases are highly conserved but the similarity between families is limited to short motifs or, in the case of the TruA family, is not detectable at all. This may be interpreted as an indication that the common reaction catalyzed by these enzymes, namely uridine isomerization, requires only a very limited sequence conservation around the catalytic residues, whereas the sequence divergence in the rest of the proteins is dictated by the recognition of different structural elements in RNA. This does not necessarily imply that enzymes belonging to the same family modify either rRNA or tRNA. The dual specificity of RluA (15) and the nucleolar localization of the eukaryotic homologs of TruB, an E.coli tRNA-specific tRNA Ψ synthase (see above), may suggest that related tRNA Ψ synthases recognize similar structural features in rRNA and tRNA.
A surprising feature of the RluA and RsuA families of Ψ synthases is that they are represented by a greater number of proteins in bacteria than in eukaryotes. Indeed, there are five members of the RluA family and three members of the RsuA family among the 1703 H.influenzae gene products, whereas among the ∼5000 yeast proteins present in the databases (∼50% of all gene products), there is only one protein of the first family and no proteins of the second one (Table 1) . Furthermore, screening of the database of ESTs with the TBLASTN program detected only two human ESTs (accession numbers R19809 and T59816) related to the RluA family and one Arabidopsis EST (R65390) related to the RsuA family. The small number of sequences related to known Ψ synthases among randomly cloned cDNAs may reflect both the small number of the respective genes in eukaryotes and a low level of their expression. This is particularly unexpected as eukaryotic rRNA contains over 10 times as many Ψ residues as bacterial rRNA (3, 6, 42, 43) . Two, not necessarily mutually exclusive, explanations of these finding should be considered: (i) eukaryotes encode Ψ synthases that are not detectably similar to the known bacterial Ψ synthases, and (ii) eukaryotic Ψ synthases have a low specificity, in a sharp contrast with their bacterial homologs.
Do the four families, to which the genetically characterized Ψ synthases belong, account for the formation of all Ψ residues in bacterial rRNAs and tRNAs? It seems likely that the RluA and RsuA families are responsible for all the Ψ residues in rRNA. Escherichia coli tRNAs contain seven Ψ residues (2). Three of these that are located in the anticodon arm are formed by TruA, Ψ55 is formed by TruB and Ψ32 may be formed by RluA. This leaves two Ψ residues in positions 13 and 65 unaccounted for. It appears likely that proteins of the RsuA and/or RluA families (perhaps with a dual specificity like RluA) are responsible for their formation. Thus the four already known families may comprise the entire repertoire of bacterial Ψ synthases. If this is true, it is worth noticing that the small H.influenzae genome may encode as many Ψ synthases as the much larger E.coli genome, in line with the conservation of nearly all proteins involved in translation in these two bacteria (30) . In contrast, there is no doubt that new eukaryotic Ψ synthases will be discovered, given the multiple tRNA Ψ synthase and snRNA Ψ synthase activities (12, 44) .
Two Ψ synthases, namely TruA and YceC of the RluA family, are conserved in H.influenzae and M.genitalium (M.genitalium also encodes another protein of the RluA family that does not have a counterpart in H.influenzae) ( Table 1 ). It appears likely that the respective functions of Ψ formation in the tRNA anticodon arm and the rRNA peptidyltransferase center are essential for cell function in general. This is compatible with the properties of the E.coli truA mutants. Even though these cells are viable (45) , they show an uracil requirement that precludes normal cell division (46) . Similarly, the yeast homolog of TruA encoded by the DEG1 gene is required for cell growth (47) .
Finally, it is remarkable that the existence of four families of Ψ synthases that include both bacterial and eukaryotic proteins implies (save for the possibility of horizontal gene transfer) that the last common ancestor of bacteria and eukaryotes already encoded at least four Ψ synthases. This is compatible with the idea that Ψ is an ancient RNA component that might have had a function(s) in the primordial translation machinery (3).
